The deep understanding of transient pool boiling critical heat flux (CHF) phenomena with treated surface and its correlation in water at saturated and subcooled conditions are becoming increasingly important for the database for the further enhancement of the design of liquid cooling technologies. Transient CHF using horizontal cylinders with different surfaces have been reported. However, there is a need to find the effect of surface wettability (contact angle) on transient CHF. This paper aims to study the steady and transient CHF due to exponentially increasing heat inputs,
Introduction
Recently, modifications of cooling systems to enhance critical heat flux (CHF) have been implemented in pressurized water reactors by the installation of an alternative water supply source such as an above ground multi-purpose water supply tank, a pure water storage tank connected to an auxiliary feed water pit inside the water tightening of building, or a sea water system, and so on (Yamamoto, 2013) . In a nuclear reactor accident, a transient boiling crisis can occur due to power burst in a fuel rod or plate. Examining the transient pool boiling CHF with treated surfaces will contribute to improved designs for liquid cooling technologies for nuclear components, especially for zirconium which is coated to the fuel to make it a safer and better heater transfer medium. The properties of treated surfaces can be determined according to surface roughness and contact angle. In this respect, an accurate prediction of transient CHF on surface roughness and contact angle will be necessary for saturated as well as subcooled conditions. CHF has usually been predicted based on the existing database and correlations. There are some well-known correlations and accomplishments as the following. Kutateladze (1959) and Zuber (1959) correlated CHF according to the hydrodynamic instability model. CHF was carried out mostly in a steady-state boiling condition to examine the Min Han HTET*, Katsuya FUKUDA** and Qiusheng LIU** *Graduate School of Maritime Sciences, Kobe University 5-1-1 Fukae Minamimachi, Higashinada-ku, Kobe, 658-0022, Japan **Marine Engineering Division, Kobe University 5-1-1 Fukae Minamimachi, Higashinada-ku, Kobe, 658-0022, Japan E-mail: fukuda@maritime.kobe-u.ac.jp mm, respectively. The TS-I and TS-II were treated from commercially available ribbon to obtain the targeted treated surface. The former was finished with buff paper together with alumina, 3 2 O Al suspension (average particle size of 0.3 μm). The latter was done by emery paper with granularity of #1500. The surface roughnesses were measured perpendicularly by a profilometer, the Handysurf-E-35-A, at uniformly distributed different five places on a surface of platinum ribbon. The measurable distance of the profilometer is 4 mm in a time. The heaters were cleaned with acetone (   O  H  C 6   3 ). An ion-exchange-water droplet with an amount of 4 μm after distillation was put on one of the places where surface roughnesses were previously carried out with the aid of the autoclavable pipettor (0.5-10μl) to measure the contact angle. It was performed in room temperature. Then, the image of the droplet was attained immediately by together with CCD camera (Nikon, Japan) and Ulead image-capturing software which was installed in personal computer. Similar attempts were carried out up to five droplets. The actual dimensions of each droplet were measured for five times by AutoCAD software. The contact angle,θ, was calculated by Eq. (1) (Honjo, et al., 2009) . For each droplet, the contact angle value (average of five measurements) was implemented. The schematic of measurement of contact angle, θ, is shown in Fig. 1 (Honjo, et al., 2009) . Fig. 1 The method for measurement of contact angle (θ). I TS-I TS-I  TS-I  TS-II  TS-II TS-II  TS-II TS- TS-I  TS-I TS-I  TS-I TS-II  TS-II  TS-II  TS-II TS- Figure 3 shows the values of contact angle, θ, measured on the CS, TS-I and TS-II. TS-II has the smallest contact angle value and TS-I has the largest one. The values of contact angle, θ, which are the averages of five droplets of the test heaters of CS, TS-I and TS-II are 60.6 ±1.3º, 62.0 ± 1.0º and 51.47 ± 0.7º, respectively. In addition, the typical results of surface roughnesses, 
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Experimental pool boiling apparatus
The experimental pool boiling apparatus is shown in Fig. 6 . It is mainly comprised of a boiling vessel (1), a test section including horizontal vertically oriented platinum ribbon heater (3), a pressurizer (4), heating system (18), and a data measurement and processing system (19)- (21), and a video camera system (5). The boiling vessel is made of cylindrical stainless steel with 20-cm inner diameter and 60-cm height capable of operating up to 5 MPa. The two current conductors and two potential conductors were installed at the upper side of the vessel, which were also used to support the test heater. The vessel has two observation windows and is equipped with a pressure transducer and a sheathed 1-mm diameter K-thermocouple that is used to measure the bulk liquid temperature.
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Test section
The illustrated test section is given in Fig. 7 . The two teflon plates supported to current conductors and potential taps. The horizontal vertically oriented treated surface ribbon heater was attached to test section through the copper wires. They are joined by soldering at each end. Two fine 30 μm diameter platinum wires (potential taps) were spot-welded on the heater at about 10 mm from each end of the heater. The effective length of the heater between the potential taps in this study was about 30 mm for CS and TS-I, and 41 mm for TS-II. 
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Experimental method and procedure
The heating, measuring and data processing system is illustrated in Fig.8 . It consists of the heat input control block, the test heater block and the data processing block. The average temperature of the test heater was measured by resistance thermometry using the heater itself as shown in the test heater block. The test heater as a branch of a double bridge circuit (Yogogawa, Japan) was balanced at the bulk liquid temperature. The heat input signal was transmitted to electronic switch from a personal computer through a digital-to-analog (D/A)converter (Advantest corporation). A fast response, direct current source (800A, 15V) (Takasago, Ltd. Japan) are supplied to test heater. The direct current source was controlled by a personal computer so as to give a desired time function for the heat input (Sakurai and Shiotsu, 1977) . The voltage drops across a standard resistance ( I V ), across the potential taps of the heater ( R V ) and the output voltages of the double bridge circuit ( T V ), were passed to computer via amplifiers and analog-to-digital (A/D) converter (Yogogawa, japan). These voltages were simultaneously monitored at a constant time interval ranging from 60 μs to 120 ms to evaluate heat generation rate, Q , and average temperature, a T . The average temperature, a T , was attained according to the previously calibrated resistance-temperature relation,
is resistance in a double bridge circuit, and 0 R and  are fitted constant. The value of  is -5.88×10
-7 for Grade 1 annealed platinum at temperatures up to 1500ºC (Raymond, 1941) . If the average temperature is higher than shut off temperature which have already set up in computer, the power shut off signal was sent to electronic switch to cut out the power supply not to occur actual burnout of the heater.
The heat generation rate of the heater, Q , was determined by the multiplication of the current to heater, I , and the voltage difference between potential taps of the heater, R V . According to this relation, as heat generation rate will change simultaneously with resistance change of test heater in the transient and steady-state boiling, a heat generation control system have been developed. In this system, the heat generation rate and the temperature of test heater were calculated and the heat generation rate was simultaneously controlled.
The heat flux, q, of the heater during experiment is computed by the difference between the heat generation rate per unit surface area, Q, and the rate of change of energy storage in the heater as follows: The standard error for experimental accuracy was estimated to be about ± 1% in the heat generation rate, ± 1 K in the heater surface temperature and ± 2 % in the heat flux.
The experiment was carried out as follows. Ion-exchange-distilled water was fully filled in the boiling vessel with the free surface only in the pressurizer and auxiliary tank. Then, the liquid in each tank is separately heated by sheathed heaters installed in each tank. Every tank was degassed by keeping it boiling for 30 minutes at least. The liquid temperatures in the boiling vessel and pressurizer were separately controlled to acquire the desired saturated and subcooled conditions. The vessel was kept warm by micro heater and insulated by lagging materials. For the pre-pressure, the vessel was pressurized up to 2 MPa with reciprocating pump with a diaphragm (Nikkiso, Japan) before each experimental run.
The exponential function,
,where, t means time and  means exponential period, was selected for the heat input. CHF was determined at a start point where an average temperature rapidly increases up to the preset temperature which is controlled by a burnout detector.
Experimental results and discussion 3.1 Experimental conditions
The experimental conditions to obtain the heat transfer processes and CHFs that caused by exponentially increasing heat inputs on horizontal vertically oriented ribbon heaters are described in Table 1 . Figure 9 shows the typical experimental results of the heat transfer coefficient, h, versus exponential heat generation period, , which were measured at atmospheric pressure before boiling initiation. This experiment was carried out at the surface temperature of 383 K and liquid temperature of 353 K. The experimental results are delineated by solid circles. In the figure, c h , which is shown in broken line represents the corresponding values of the heat conduction correlation (Hayashi, et al.,1963) , n h , which is illustrated in solid line represents the corresponding values of steady-state natural convection heat transfer correlation (Fujii and Fujii, 1976) and m h which is depicted in blue chain-line corresponds to the values of combination of transient conduction and natural convection heat transfer correlation (Sakurai and Shiotsu,1977) . As shown in the figure, the transient conduction heat transfer influences as the period shortens, especially in the region of within 200 ms. However, the natural convection heat transfer governs for period over 3.3 s and approaches a constant value to be a quasi-steady-state heat transfer. Htet, Fukuda and Liu, Mechanical Engineering Journal, Vol.3, No.3 (2016) T , on elapsed time, t , due to exponential increasing heat input for the period,  , of 10 ms on TS-I in a pool of boiling water at 101.3 kPa. It can be seen that the heat generation, Q, increases exponentially, then the heat flux, q, rapidly increases through a boiling initiation and CHF, respectively, and it decreases rapidly after the CHF. The time taken to reach the CHF of 1.5 MW/m 2 is 58 ms. The surface temperature, s T , increases slightly before boiling initiation with the increasing rate of 0.8 ºC/ms. However, after boiling initiation, it increases rapidly up to the surface temperature of 150 ºC with the increasing rate of 2.5 ºC/ms. The rapid increasing rate of the surface temperature appears because the boiling initiation occurs explosively with a nucleate boiling for a while and it is followed by rapid increasing heat input.
Non-boiling heat transfer coefficient
The similar trace was carried out for TS-II for the period, , of 26 ms at 101.3 kPa under saturated condition as shown in Fig. 10 (b) . The heat generation, Q, increases exponentially and the heat flux, q, increase along heat generation rate through a boiling initiation and CHF. The time taken to reach the boiling initiation and the CHF are 80 ms and 149 ms, respectively. The increasing rate of surface temperature before and after the boiling initiation are 0.1 ºC/ms and 0.4 ºC/ms, respectively, which are lower than TS-I. However, the heat flux increases to CHF value of 2.7 MW/m 2 at 137º C. Htet, Fukuda and Liu, Mechanical Engineering Journal, Vol.3, No.3 (2016) © 
Steady-state CHF
The steady-state CHFs that were measured on horizontal vertically oriented ribbon heater (TS-I only) in a pool of water due to quasi-steadily heat inputs at the period, , of 20 s, for subcoolings with pressure as a parameter are shown in Fig. 11 . In this figure, the solid marks are the experimental CHF data (Sakurai, 2000) for pressures at various subcoolings measured on horizontal vertically oriented platinum ribbon with 5.4 mm-wide (commercial surface). The measured CHF in this study are depicted in hollow markers. The measured CHFs described with hollow markers increase with an increase of subcoolings. The corresponding non-linear subcooled pool boiling CHF data (Sakurai, 2000) based on hydrodynamic instability (HI) attained by modifying Kutateladze's correlation are described with the solid lines for comparison. They are expressed by Eqs. (6) and (7), respectively. It was occurred that the experimental CHF data (Sakurai, 2000) and the non-linear subcooled pool boiling CHF data are higher than our results. The newly empirical equation of CHF, cr,sub q , which is independent of pressure based on the measured CHF in this study is derived as Eq. (8) which is shown in Fig. 11 . The equations (6), (7) and (8) are as follows: Figure 12 shows the steady-state CHFs on horizontal vertically oriented ribbon heater (TS-I only) in a pool of water due to quasi-steadily heat inputs at period,  , 20 s, for pressures with subcooling as a parameter. The measured CHFs are plotted with the experimental CHF (Sakurai, 2000) and the corresponding data according to the Eqs. (6) and (7). It can be seen that the measured data in this study for various pressures are independent of subcooling.
Typical heat transfer processes for transient CHF
The typical heat transfer processes of transient CHF for long, short and intermediate periods, respectively, measured on horizontal vertically oriented ribbon heater with TS-I in a pool of water at 199 kPa under subcooling of 20 K are shown in Fig.13 . They are taken at the periods,  , of 10 s, 55 ms and 5 ms, respectively. The heat transfer process due to period, , of 10 s increases from natural convection regime. Then, the boiling initiation occurs at the point A, where the surface superheat is 35 K. After boiling initiation, the surface superheat slightly decreases to the point B due to activation of cavities. Then, the heat flux increases up to CHF at the point C, through fully developed nucleated boiling (FDNB) regime which is plotted by dotted line using Rohsenow's correlation. The heat transfer process due to period, , of 5 ms increases from non-boiling regime to film boiling with a nucleate boiling for a while. The initiation of boiling commences on the conduction regime on the point A' at the surface superheat of 54 K. Then, the heat flux and surface superheat slightly increase up to CHF at the point C'. The heat transfer process due to period,  , of 55 ms increases from transient conduction regime. The initiation of boiling begins on conduction regime on the point A" at surface superheat of 43 K. After boiling initiation, the surface superheat first increases, then decreases and again increases with an increase of heat flux. The CHF on point C'' is reached with insufficient developed nucleate boiling.
Moreover, the heat fluxes at boiling initiation, i q , and the CHFs are shown by solid circles and square marks, respectively. The heat fluxes at boiling initiation, i q , can be plotted in a single line using broken line, namely, the incipient heat flux curve. The CHFs can be seen at the three places such as around C at the FDNB curve, around C' situated a slight beyond the incipient heat flux curve, i q curve, and around C'' at the place between the two curves. They can be named as the first, second and third groups of CHFs. Figure 14 shows the heat transfer processes due to exponential heat inputs at the periods,  , of 5 s and 7 s which were measured on horizontal vertically oriented ribbon heater with CS, TS-I and TS-II, respectively, in a pool of water at 101.3 kPa under saturated condition. The order of surface superheats of boiling initiation are 10 K, 19 K and 27 K for the TS-II, CS and TS-I, respectively. Accordingly, the TS-II contributes the better heat transfer enhancement in FDNB regime compare to those of the CS and TS-I, in contrast, the TS-I has the lowest heat transfer rate in this study. It is assumed that the better heat transfer rate leads to the higher CHF. Consequently, the CHFs of the TS-II, CS and TS-I are resulted at 1.03, 0.87 and 0.75 MW/m 2 at surface superheats of 19 K, 23 K and 30 K, respectively. The heat transfer processes were evaluated with Rohsenow's correlation as follow:
where, the values of the liquid-solid combination, sf C , for water-platinum in Eq. (9) was taken as 0.013 and the exponent, n, of Prandtl number for water was 1.0 (Rohsenow, 1952) . As shown in Fig. 14 The effect of the surface roughness and contact angle on the transient CHF based on the boiling mechanism will be explained as follows. The transient CHF depends on surface superheat at boiling initiation,
 is influenced by the nucleation mechanism at boiling initiation. Nucleation originates from trapped vapor of active cavities as well as untrapped vapor in flooded cavities. Therefore, the TS-I in this study having very fine surface was prepared to verify the effect of pre-pressurization (or) flooded cavities. As the in T  of TS-I is similar to the result of the TS-II with pre-pressurization up to 4.4 MPa acquired by Htet, et al., (2015) , the TS-I has demonstrated to be a characteristic of flooded cavities which is a satisfactory to the two models suggested by Sakurai (2000) and Kottowski (1977) . However, the contact angle, θ, is important to nucleation primarily and, on the other hand, cavity angle,  , shapes nucleation surface superheat (Griffith and Wallis,1960) . As the cavity angle,  , is difficult to measure, it is interesting how to determine  and its effect. In order to clarify the mechanism of nucleation and superheating concerning with the test heaters of the CS, TS-I and TS-II as shown in Fig.13 and 14, a model for lower limit of HSN temperature in which nucleation originates from flooded cavities suggested in Sakurai (2000) was firstly evaluated. The predicted result revealed that an increase of in T  corresponded to a decrease of the θ. Moreover, it shows that the values of the in T  between the contact angle of 50~60°compromise to about 200 K. This result indicates a higher value for corresponding surface superheat obtained for CS, TS-I and TS-II as shown in Fig.13 and 14 .
Again, the in T  depending on the contact angle, θ on the effect of cavity angle,  , are performed using the nucleation and superheating model in which it is assumed no vapor in cavities (Kottowski, 1977) . However, in this model, the prediction of in T  concerned not only the contact angle, θ, and cavity angle,  ,but also equilibrium bubble radius, (or) nucleation radius,  ranging from 0 and 50°. In case of TS-II, the critical nucleation radius was assumed to be larger than 1 μm because the surface roughness of TS-II is over five times larger than TS-I and pre-pressurization has not been carried out to the TS-II as shown in Fig.14 . The larger nucleation radius of TS-II generates the small surface superheat at boiling initiation. Alternatively, it has potential to increase the CHF. Based on the explained nucleation mechanism, the in T  corresponds on the order of TS-II<CS<TS-I, respectively. On the other hand, the CHF increases on the order of TS-II>CS>TS-I, respectively. (Fukuda, et al., 2000) as follows: at first, it slightly increase up to maximum CHF from a steady-state CHF, then cr q significantly decreases down to minimum CHF and finally cr q increases again with a decrease in period. The three groups of CHFs, namely, the first, second and third groups can be seen clearly.
Transient CHF under saturated condition
The first group of CHFs was resulted from the heat transfer process corresponding to the period of 10 s as seen in Fig. 13 . The first groups of CHFs were mainly observed at periods higher than 100 ms for the CS and TS-I, on the other hand, periods higher than 50 ms for the TS-II. Moreover, the first group of CHFs for period measured on the TS-II gives a higher value of about 16% than the CS and 28 % than the TS-I. It was occurred that the CHFs for period for the conditions of the without and with pre-pressurization up to 2.0 MPa, respectively, measured on the TS-II has the same value.
The first groups of CHFs were tested with the previous corresponding values based on hydrodynamic instability model which were plotted with solid lines. The corresponding values were derived from Eq.(10) according to the Sakurai (2000) in which sub cst q , is taken from the respective measured steady-state CHF for pressure and subcooled condition in this study. The second group of CHFs was occurred for the periods shorter than the periods corresponding to minimum CHFs as seen in Figs.15 and 16 . The second groups of CHFs attained only for CS and TS-I were induced by heat transfer process which corresponds to typical heat transfer process caused by period of 5 ms as presented in Fig. 13 .The trends of second groups of CHFs increase asymptotically. They were evaluated by the CHF data described by Eq. (11) which compromise with the heat flux at boiling initiation in transient CHF (Sakurai and Shiotsu, 1977) . It is based on the conduction heat transfer coefficient, c h , for exponential heat input, experimental surface superheat of boiling initiation due to HSN in conduction regime, (Hayashi et al., 1963) . As seen in Figs. 15 and 16 , the correlation is lower than the measured result. It is due to the two facts that the occurrence of the nucleation at boiling initiation for a while can cause the decreasing of the surface superheat at boiling initiation and increasing the critical heat flux.
The third group of CHFs is found on the region from the maximum CHF of the first group down to the minimum one of the second group. The third group of CHFs was induced by the heat transfer process which corresponds to typical heat transfer process due to the period of 55 ms as seen in Fig. 13 . The third groups of CHFs for periods exist only for experiment results of CS and TS-I under atmospheric and saturated condition as indicated in Fig. 15 . Moreover, the third group of CHFs is occurred at pressures for TS-I as seen in Fig.16 . In Fig. 15 , the third group resulting from the TS-I is lower than the CS, thought they can be observed in the same interval of period.
Transient CHF under subcooled condition
Transient CHF, q , versus the periods,  , ranging from 5 ms to 10 s at 297 kPa under different subcoolings from 0 to 20 K that were measured on TS-I. The increasing trends of the first groups of CHFs for periods at 297 kPa under different subcoolings are depending on subcooling. At the first group of CHF, the experimental results are satisfied with the corresponding values at periods higher than 500 ms. The maximum CHFs of the first groups at subcoolings are lower than corresponding values. The typical trends of the second and third groups of CHFs which increase with the increase of subcooling are also observed at 297 kPa under subcoolings. However, the second groups of CHFs for periods have the elevated values over the correlation.
Effect of contact angle on surface orientation
The steady state CHF analysis on the effect of contact angle obtained on horizontal vertically oriented ribbon heaters at atmospheric pressure under saturated condition in pool of water for TS-I, TS-II and CS is demonstrated in Eq. (10) Eq. (11) Fig. 18 The relation of cr q and  for subcooling at 297 kPa for TS-I. Fig.19 . The CHFs are due to quasi-steadily heat inputs at the period, , of 5 s for CS and 7 s for TS-I and TS-II, respectively. The measured CHFs for contact angle, θ, give rise to higher value with the decrease of contact angle. The measured CHFs were evaluated and plotted with the corresponding values (Kandlikar and Steinke, 2001) which are based on the combination of Zuber's correlation and the functions of contact angle, θ , and surface orientation,  . In this figure, the blue solid line represents the surface orientation of 90º, the black broken line represents surface orientation of 45º and the red dotted line represents upward orientation of 0º. The correlation is postulated that the decrease of contact angle has the higher CHF value, on the other hand, the higher value of orientation has the declination of CHF. However, the experimental results of the CS, TS-I and TS-II in this study provide elevated values over the corresponding ones.
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Conclusion
The steady and transient CHF caused by exponentially increasing heat inputs on horizontal vertically oriented ribbon in water have been carried out. The Commercial surface (CS), treated surface I (TS-I) and treated surface II (TS-II) ribbon heaters were utilized. For CS and TS-II, the experiments were done under saturated condition at 101.3 kPa. However, for TS-I, the experiments were completed under subcooling of 0 K to 20 K at 101.3 kPa to 297 kPa. 
